Magnesia (MgO) either intrinsically contained in cement clinker or prepared separately as 16 expansive additive has been used to compensate for the shrinkage of cementitious materials. 17
Introduction 33 34 35
Normally cementitious materials undergo various types of shrinkage, such as autogenous 36 shrinkage, drying shrinkage, thermal shrinkage, etc. When restrained, the shrinkage may cause 37 large enough tensile stress to crack the cementitious materials, and thus negatively affect the 38 mechanical performance and durability of the materials. Therefore, to mitigate the shrinkage 39 is of great importance for maintaining the long-term durability and safety of the cementitious 40 materials and relevant structures. Accordingly much work has been focused on this issue and 41 many strategies have been developed, e.g. development of novel curing technology, fiber 42 such as calcium sulfo-aluminate, free calcium and periclase, has been widely used to 48 compensate for the shrinkage of the cementitious materials, based on which some types of 49 expansive cement were developed [6] [7] [8] . Furthermore, to well control the quantity and quality 50 of the expansive components, they were prepared separately from the manufacturing of cement 51 clinker and used as expansive additives [6] [7] [8] . Due to the fast hydration of CaO and the 52 relatively high solubility of its hydration product Ca(OH)2, the application of CaO-based 53 expansive additive in normal concrete, particularly in the concrete for hydraulic structures 54 under deep water, was limited. The ettringite-based expansive additive can produce rapid 55 expansion at early age, mainly within 14 days, which has been widely used [7] . However there 56 are some challenges existing. The formation of ettringite consumes a large amount of water, 57 which may intensify the competition on the consumption of water with the hydration of cement 58 clinker [7] . Therefore in concrete with low w/c ratio or in the absence of sufficient exterior 59 water supply, the formation of ettringite may be insufficient to produce enough expansion 60 expected for the complete compensation of shrinkage. In addition, the ettringite is chemically 61 unstable when it undergoes a process with a temperature higher than 70 o C, and thus might not 62 be used in mass concrete with high temperature rise [9] . 63 8 on the performance of the blended cement system, the blended cements were prepared by 148 mixing the expansive PCs with 40% GGBFS and 20% fly ash as the cement replacements. 149
According to the research results in our current project, it was showed that the blended cement 150 with that mix proportion exhibited excellent mechanical strengths at long term. These blended 151 cements made with the expansive PCs of PCM50, PCM100, PCM200 and PCM400 were 152 represented by BCM50, BCM100, BCM200 and BCM400 respectively. The GGBFS was supplied 153 by the Bao Steel Company in Shanghai, and fly ash was from Huaneng Power Plant in Nanjing, 154
China. The particle size distributions of the GGBFS and fly ash are shown in Fig. 1 . To investigate the mechanical properties of cements, one part of cement was mixed with three 163 parts of sands by weight at a water to binder ratio of 0.5 to obtain homogenous mixtures, and 164 then the mixtures were cast into mould to prepare mortar specimens with size of 40mm× 165 40mm×160mm. All the mortar specimens were cured under moist condition with a relative 166 humidity of 98% and a temperature of 20±2℃. After 24±2h curing, all the specimens were 167 demoulded and continuously stored under the moist condition until the strength test at the age 3 shows the mechanical strengths of the cement mortars. As shown in Fig. 3(a) , the 227 incorporation of MgO expansive additive had very slight influences on the flexural strength 228 regardless of its reactivity and the curing age. At 3d the flexural strengths of PC, PCM50, 229 PCM100, PCM200 and PCM400 were 6.8, 6.6, 6.6, 7.2 and 6.6 MPa respectively. With the curing 230 age increasing to 28d, the flexural strengths of PC, PCM50, PCM100, PCM200 and PCM400 were 231 12 increased to be 8.6, 8.0, 8.4, 8.2 and 8. 4 MPa respectively, and at 90d the strengths were very 232 close to that at 28d. In terms of the compressive strengths, similar increase trend was observed. 233
The incorporation of 8% MgO expansive additive caused slight reductions in the compressive 234 strengths of the cement mortars, particularly at late age. For example, the compressive strengths 235 of PCM50 were 34.4, 45.7 and 49.9 MPa at 3d, 28d and 90d respectively, which were lower 236 than that of the conventional PC mortars at the same ages. However the less the reactive MgO 237 expansive additive had, the slightly less the reduction in compressive strengths was caused. 238
The decreases in the mechanical strengths may attribute to the content reduction of PC due to 239 the substitution of MgO expansive additive, which thus resulted in the decrease of cement 240 hydration products. were much less than that of the corresponding expansive PC pastes. This is related to that less 285 cement contents were used in these blended cements. Moreover, as the water-to-binder ratio 286 was the same, the replacement of PC with the GGBFS and fly ash contributed a dilute effect, 287 which therefore provided more water in the sealed cement pastes and thus facilitated the 288 hydration of MgO as well as the accordingly shrinkage compensating. As shown in Fig. 4 , the 289 cement paste BCM50 shrank quickly in the first several hours and reached the maximum 290 shrinkage of -76 microstrains but thereafter the deformation curve climbed up, implying some 291 expansion was caused due to the hydration of MgO. By the end of test, the cement paste BCM50 292 showed gentle expansion, being 220 microstrains. Similarly the deformation curves of BCM100, 293 BCM200 and BCM400 went up after their corresponding inflexion points, indicating the 294 15 expansion produced due to the hydration of MgO was larger than the shrinkage caused by the 295 cement hydration in the mean time. However the time for the inflexion points occurring on the 296 curves were different. The lower the reactivity of MgO expansive additive had, the longer the 297 time was needed for the inflexion points to occur. For example, the deformation curves of 298 BCM50, BCM100, BCM200, and BCM400 started to climb up around 9h, 22h, 34h, and 34h 299 respectively. 300 reached an expansion of 0.19% at the age of 70d and then expanded at lower rate, and 305 eventually ceased around 0.22% at 120d. For the cement pastes containing less reactive MgO, 306 after 70d, their expansion curves kept going up but at lower rate until the end of test at 240d. 307 PCM400 exhibited smaller expansion at early age compared to other cement pastes, but after 308 150d the expansion of PCM400 was slightly higher than that of PCM100 and PCM200. At the age 309 of 240d the expansions of PCM100, PCM200 and PCM400 were 0.195%, 0.195% and 0.21% 310 respectively, and all these cement pastes still showed slight increase trend and therefore were 311 supposed to expand further. In the blended cement, the expansions produced were smaller than 312 that generated in the corresponding PC pastes. This is understandable as in the blended cement 313 system, only 40% expansive PC was used and as a result the corresponding MgO contents were 314 reduced accordingly. Dissimilar to the expansive PC pastes, the blended cement paste prepared 315 16 with the most reactive MgO (BCM50) showed the smallest expansion, being 0.075% at 70d. 316
This may due to the more amount of MgO in the M50 had been hydrated within 24h but the 317 accordingly caused expansion was not recorded during this test. The blended cement pastes 318 BCM100, BCM200, and BCM400 showed similar expansions, and slight expansion trend was also 319 observed at the late age. 320 321 322 When cured in 38℃ water, due to the increased curing temperature, more rapid expansions 323 were caused in the expansive PC pastes as well as the blended cement pastes. This relates to 324 that the hydration of MgO was accelerated at the elevated temperature. As shown in Fig. 5(b) , 325 all the expansive cement pastes expanded fast within 70d, and then the expansion curves 326 gradually leveled off. It is interesting that the PCM50 with the highest reactivity exhibited the 327 smallest ultimate expansion, which was 0.20% at 70d. It was less than that of the PCM100, 328 PCM200, and PCM400, which were 0.24%, 0.26%, and 0.26% respectively. The expansions of 329 the blended cement pastes were much less than that of the corresponding expansive PC pastes. 330
Particularly for the blended cement pastes, the BCM50 produced the smallest expansion, being 331 around 0.04%. Comparison between the expansion properties of the cement pastes cured in 20℃ 332 and 38℃ water, it indicates that the curing temperature had more significant influences on the 333 expansion of cement pastes containing MgO with lower reactivity. For instance, the expansions 334 of PCM50 cured in 20℃ and 38℃at 240d were 0.22% and 0.20% respectively, while that of 335 the PCM400 were 0.17% and 0.25% respectively. This is consistent with the results in previous 336 17 studies, which showed that higher curing temperatures resulted in more rapid and larger 337 expansion of MgO [14] and particularly influenced more strongly on the expansion of less 338 reactive MgO [22] . in Fig. 6 (a), a small particle of MgO circled by white dash elliptic line was sorrounded by the 346 cement hdyration products. Closer investigation shows that the dense inner hydration products 347 agglomerated together and however it is quite difficult to indentify very clearly the individual 348 brucite crystals (Fig. 6(b) ). Fig. 6(c) shows the SEM image of M400 contained in the cement 349 paste, the M400 was also sourrounded by the cement hydration products. At high magnification 350 of ×10000, many sheet like brucites were observed, and all the brucite agglomorated tightly 351 and some of the inner pores were not filled up. As reported in the previous studies, the reactive 352
MgO has smaller inner pores while the less reactive MgO has larger inner pores which was 353 more difficult to be filled up due to the localized formation of brucite [10] . 
